Surface waves are one of the main types of coherent noise in land seismic surveys, and standard filtering methods, such as f − k filtering, are not always effective. We describe an interferometric method for predicting surface waves and their removal from raw seismic data by a least squares matching filter. The interferometric method enables the prediction of surface waves by using crosscorrelation between two different traces. Compared to other surface wave filtering methods, the interferometric method can "naturally" predict surface waves from other shot gathers without the use of an a priori velocity model. A land seismic field data contaminated by high energy surface waves is used to test the effectiveness of the interferometric prediction and subtraction strategies. Preliminary results with a single data set suggest that surface waves can be predicted and mostly attenuated by this method.
Introduction
Surface waves are one of the most familiar types of coherent noise to a geophysicist. In many terrestrial environments, high-amplitude ground roll, composed of firstorder direct arrivals and scattered energy from the shotgenerated Rayleigh (SV) wave, is the main impediment to seismic imaging. Its slow velocity requires strict spatial sampling requirements if it is to be eliminated using traditional filtering approaches such as a f − k method. Because surface waves depend on the highly variable earth properties of the near surface, the kinematics of surface waves are difficult to model, particularly if the scattered wave field is very strong. In mainly cases, such as desert environments, surface wave energy is much higher than the reflection energy.
Many methods have been devoloped to suppress surface waves. Most traditional methods, such as f − k filtering, lead to signal distortion and spatial correlation of background noise . On the other hand, because of its properties related to dispersion, low frequencies, and large amplitudes, surface waves are usually not easily modeled.
In this paper, we use an interferometric method to model and predict surface waves from the data. By predicting the surface waves and using adaptive least squares subtraction, we can effectively strip out surface waves from raw data. The first step is to predict surface waves by an interferometric method. The second step is to subtract the predicted surface waves by a multichannel least squares filter.
Theory
The seismic interferometry method, pioneered by , is mostly based on the conjecture: crosscorrelation of two traces at surface locations A and B yields an entangled trace equivalent to a trace at B generated by a source at A. Equivalent means that the kinematics of some correlated reflections are the same as those of a trace generated by a virtual source at A and received at B. Based on this theory, we use crosscorrelations of seismic data from receivers to strip out the surface wave events, that propagate between the station pairs.
Assume an acquisition geometry with sources and receivers on the surface. Because surface waves propagate along the near surface, its Green's function can be mathematically approximated in a laterally invariant medium as:
where A(s, g) is the amplitude term that accounts for geometrical spreading and the source wavelet, k is the wavenumber vector, such that the phase velocity depends on frequency, xsg is the propagation path along the earth's surface from the source at s to the geophone at g. We can form a new quasi-trace, propagating from g to the right side geophone at g , by the crosscorrelation of two traces, i.e.,
where x sg − xsg = x gg , because we assume propagation along a straight line on the surface. The important property of the correlated data is that the arrival time of the correlated trace at g is the same for any surface source position. Thus, these correlated traces at g can be summed together for different source positions to give an N-fold stacked trace at g . The mathematical expression for the stacked traces in the redatumed common geophone pair gather (CPG) is given by summing the equa-tion above over different source positions:
In general for N shots, Φ(g, g ) is kinematically equivalent to an N-fold surface wave shot gather generated by stacking the records from N sources at the position g and traces measured at g . Thus, surface waves are enhanced by stacking and events with non-linear moveout incoherently cancel. For example, primary reflections have a non-linear moveout, so that they are attenuated by stacking. However surface related multiples will coherently stack, but they are generally much weaker than the primaries, while the surface waves coherently reinforce after each stacking. Thus the correlated trace in the common shot gathers dominantly predicts the surface waves. These predicted surface waves can be subtracted from the original common shot gathers to yield reflection records mostly free of surface waves. A multichannel least-square method is employed to subtract the surface waves.
The multichannel subtraction filter f (g, t) is designed by using least-squares criterion to minimize the sum of the squared differences between the original data traces and the predicted surface wave traces . When f (g, t) is estimated, the primary reflections are estimated by subtraction:
where d r (s, g, t) denotes the primary reflections, d(s, g, t) denotes the original data traces; d p (s, g, t) denotes the predicted surface waves; f (s, g, t) is the multichannel filter, * denotes respectively temporal convolution; and s and g denote the position of seismic source and receiver. Typically, the filter length is 50 samples (i.e. about 2T0, where T0 is the dominant period of the wavelet.) along the time axis, and 5 samples traces along the g coordinate.
Numerical Results
A land data set is used to demonstrate the effectiveness of the inteferometric prediction and filtering of surface waves. The data set consists of 1279 common shot gathers with a shot interval of 30 meters and 240 traces per shot gather, a time sample interval of 4 milliseconds, and a trace length of 2 seconds. Figure 1 shows a sample common shot gather and the surface waves predicted by stacking twenty correlogram from shot gathers. In the original shot gather, the surface waves are so strong that a large portion of the reflection energy is blurred and is not visible. The right side of Figure 1 shows the predicted surface waves. Figure 2 shows the subtraction results by using a mutichannel least squares filter. In this case, the filter for one shot gather but was 5 receiver traces wide and 50 time samples long. The results show that the surface waves are mostly suppressed and some new reflection events can be seen by comparison with the raw data. But there are still some surface waves remaining in the filtered data. Some further work will be done to improve the subtraction strategy, including an iterative approach, where surface waves are predicted from the subtracted data and a new filter is estimated. One of the benefits of this approach is that the prediction of surface waves is mostly insensitive to fluctuating topography and lateral velocity contrasts at the near surface. Another benefit is that this procedure can be applied to uncorrelated vibroseis data.
Conclusions
The effectiveness of the interferometric method in predicting surface waves is tested with a land data set. The results shows that the interferometric method can predict the surface waves effectively from this data set. The philosophy of this method is somewhat similar to the SRME method that use the data to predict multiples from the primary reflection. Future work will attempt to improve the performance of the interferometric filterig strategy, including the incorporation of an iterative strategy. After surface wave attenuation Figure 2 : The right figure shows the result after surface wave subtraction. Note that the main surface waves are subtracted and some details of reflection events can be seen compared to the original shot gathers.
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